Polyamines play pivotal roles in plant defense to environmental stresses. However, stress tolerance of genetically engineered plants for polyamine biosynthesis has been little examined so far. We cloned spermidine synthase cDNA from Cucurbita ficifolia and the gene was introduced to Arabidopsis thaliana under the control of the cauliflower mosaic virus 35S promoter. The transgene was stably integrated and actively transcribed in the transgenic plants. As compared with the wild-type plants, the T2 and T3 transgenic plants exhibited a significant increase in spermidine synthase activity and spermidine content in leaves together with enhanced tolerance to various stresses including chilling, freezing, salinity, hyperosmosis, drought, and paraquat toxicity. During exposure to chilling stress (5°C), the transgenics displayed a remarkable increase in arginine decarboxylase activity and conjugated spermidine contents in leaves compared to the wild type. A cDNA microarray analysis revealed that several genes were more abundantly transcribed in the transgenics than in the wild type under chilling stress. These genes included those for stress-responsive transcription factors such as DREB and stress-protective proteins like rd29A. These results strongly suggest an important role for spermidine as a signaling regulator in stress signaling pathways, leading to build-up of stress tolerance mechanisms in plants under stress conditions.
Introduction
Polyamines, spermidine (Spd) and spermine (Spm) and their obligate precursor putrescine (Put), are low-molecular weight aliphatic amines that occur ubiquitously in animals, plants, and microorganisms. Because of polycationic nature at physiologically relevant ionic and pH conditions, polyamines occur in cells not only in the free form but also in the acidsoluble conjugated form and the acid-insoluble bound form (Martin-Tanguy 2001) . Conjugated polyamines are mostly linked to hydroxycinnamic acid monomers, and bound polyamines to hydroxycinnamic acid dimers and trimers and macromolecules like proteins. In plants, polyamines play important roles in growth, development, and reproduction (Kakkar et al. 2000 , Martin-Tanguy 2001 , Song et al. 2002 ). An additional important role played by polyamines is associated with plant defense to various types of environmental stresses (Bouchereau et al. 1999) . It has been shown that a high cellular level of polyamines correlates with plant tolerance to a wide array of environmental stresses such as low and high temperatures (Roy and Ghosh 1996 , Shen et al. 2000 , He et al. 2002 , salinity (Krishnamurthy and Bhagwat 1989, Aziz et al. 1998) , hyperosmosis (Besford et al. 1993) , hypoxia (Nada et al. 2004) , and oxidative stress (Langebartels et al. 1991 , Kurepa et al. 1998 . As compared with stress-intolerant plants, stresstolerant plants generally have a large capacity to enhance the polyamine biosynthesis in response to stress, resulting in 2-to 3-fold increase of endogenous polyamine levels over those in unstressed plants. Treatment with a polyamine biosynthetic enzyme inhibitor reduces stress tolerance but the concomitant treatment with exogenous polyamines restores it (Lee et al. 1997 , He et al. 2002 , supporting the view that polyamines play essential roles in environmental stress tolerance of plants. In view of these characteristic features of polyamine functions, we are interested in a possibility that a genetic manipulation of polyamine biosynthesis may lead to improvement of plant tolerance to multiple environmental stresses.
The key enzymes involved in polyamine biosynthesis in plants include ornithine decarboxylase (ODC, EC 4.1.1.17), arginine decarboxylase (ADC, EC 4.1.1.19), S-adenosylmethionine decarboxylase (SAMDC, EC 4.1.1.50), spermidine synthase (SPDS, EC 2.5.1.16), and spermine synthase (SPMS, EC 2.5.1.22) (Bagni and Tassoni 2001) . ODC and ADC catalyze the synthesis of Put from L-ornithine and L-arginine, respectively. SAMDC decarboxylates S-adenosylmethionine (SAM) and the decarboxylated SAM provides Put and Spd with one and two aminopropyl groups to form Spd and Spm in a reaction catalyzed by SPDS and SPMS, respectively. Activities of polyamine biosynthetic enzymes are developmentally and environmentally regulated at the transcriptional, translational and/or post-translational levels (Yoshida et al. 1999 , Martin-Tanguy 2001 .
Genes encoding polyamine biosynthetic enzymes have been characterized from various plant sources. Sense and antisense approaches with these transgenes showed that overexpression of a polyamine biosynthetic enzyme induced alteration in growth, morphology, senescence, and quality of fruits (Malmberg et al. 1998 , Mehta et al. 2002 . Several reports have shown the enhanced salinity stress tolerance in transgenic rice and tobacco plants that overexpress ADC, ODC or SAMDC transgenes under the control of the cauliflower mosaic virus (CaMV) 35S promoter or an ABA-inducible promoter (Roy and Wu 2001 , Roy and Wu 2002 , Kumria and Rajam 2002 , Waie and Rajam 2003 . However, such attempts are still limited and there is no information available on the stress responses of transgenic plants overexpressing the SPDS transgene. In addition, little attention has been directed to the possibility that a genetic modification of polyamine biosynthesis enhances tolerance toward multiple environmental stresses. Thus, in the present study, we transformed Arabidopsis thaliana with SPDS genes from figleaf gourd (Cucurbita ficifolia Bouché), with the purpose of comparing the environmental stress tolerance between the transgenic Arabidopsis and the wild-type (WT) counterpart. Patterns of gene expression in leaves under chilling stress were also compared by microarray analysis.
Results

Analysis of the 35S:FSPD1 plants
The SPDS gene was isolated from a cDNA library prepared from C. ficifolia Bouché (the gene is designated as FSPD1, GenBank Accession No. BD142348). The FSPD1 shares 84% homology in the deduced nucleotide sequence with Arabidopsis SPDS cDNA (Hashimoto et al. 1998) . We introduced the FSPD1 gene fused with the CaMV 35S promoter (Fig. 1) into A. thaliana. The 35S:FSPD1 transgenic T 2 and T 3 Fig. 1 The construct of the plasmid DNA used in this study. The FSPD1 open reading frame from C. ficifolia Bouché was inserted into this vector for its expression under the control of the CaMV 35S promoter (35S-Pro). NOS-Pro, nopaline synthase gene promoter; NOS-ter, nopaline synthase gene terminator; NPT II, neomycin phosphotransferase; HPT, hygromycin phosphotransferase; LB, left T-DNA border; RB, right T-DNA border. lines (TSP) form the basis of this study. The T 2 seeds were sown in the antibiotics-containing agar medium to eliminate non-transgenic individuals, while the homogeneous T 3 seeds were sown in the soil.
Total RNA and water-soluble proteins were extracted from rosette leaves of the WT and several T 2 transgenic plants grown in an agar medium for 7 weeks under control conditions as described in Materials and Methods. RNA gel blot analysis showed that a signal corresponding to FSPD1 was detected in the transgenics, while no signal was detectable in the WT ( Fig. 2A) . Immunoblot analysis with an antibody raised against C. ficifolia SPDS revealed the presence of an immunoreactive protein of 35.5 kDa, which corresponded, in terms of molecular mass, to soybean SPDS (Yoon et al. 2000) (Fig. 2B) . In addi- tion, the transgenics showed a 5-to 6-fold increase in SPDS activity and a 1.3-to 2-fold increase in the free Spd content in leaves over the WT (Fig. 2C, D) . The content of free Spm also increased 1.6-to 1.8-fold in the transgenics. Several transgenic lines also had higher free Put contents than the WT. Since the growth rate under normal conditions did not differ between the WT and transgenic plants, the above results show the actual increase of polyamine biosynthesis in the transgenics.
Environmental stress tolerance
Chilling tolerance of the WT and T 3 transgenic plants was assessed in terms of the maximum photochemical efficiency of PSII of chloroplasts (Fv/Fm) in chilled leaves. In one experiment, rosette leaves were detached from 4-week-old soil-grown plants (WT and TSP-16) and exposed for 6 h to 5, 7.5, 10, 15 or 22°C in the light of 240 µmol m -2 s -1 photosynthetic photon flux density (PPFD). Then, Fv/Fm was measured at 25°C with a chlorophyll fluorometer (PAM 2000, H. Walz, Germany) following a 30-min dark adaptation. Fv/Fm decreased as the temperature was lowered below 10°C; the transgenics were less affected than the WT (Fig. 3A) . In a subsequent experiment, whole plants of the 3-week-old soil-grown WT, TSP-15 and TSP-16 were exposed to 5/5°C (day/night) in the light of 240 µmol m -2 s -1 PPFD under a 12-h photoperiod for 4 d. Under such environmental conditions, photoinhibition of photosynthesis may occur even in chill-tolerant plants like spinach (He et al. 2002) . The results showed that Fv/Fm decreased during the first 2 d of chilling; the decrease was less marked in the transgenics than in the WT (Fig. 3B ). During the next 2 d, Fv/Fm further decreased in the WT but no further decrease was observed in both transgenic plants. The WT plants exhibited a gradual increase in the H 2 O 2 content in leaves during chilling, which was less obvious in the transgenics (data not shown). The results from both experiments indicate that the transgenic plants acquired tolerance to chill-induced photoinhibition of photosynthesis.
Enzyme analysis revealed that ADC and SAMDC activities (on a fresh weight basis) in unchilled leaves were slightly higher in the transgenics than in the WT, whereas SPDS activity was much higher in the transgenics in agreement with the T 2 transgenic plants (Fig. 3C ). Upon chilling, activities of these enzymes underwent a significant increase in both WT and transgenic plants. The magnitude of the increase of ADC activity was much greater in the transgenics than in the WT, while that of SAMDC activity was roughly the same. The chillinduced increase in SPDS activity was also slightly greater in the transgenics, TSP-15 in particular, than in the WT. Enzyme activities on the protein basis showed similar trends to those on a fresh weight basis in all of the three enzymes examined. ODC was not assayed because it was shown that A. thaliana exceptionally lacks this enzyme (Hanfrey et al. 2001) .
Concerning the foliar content of free polyamines, Put and Spd contents increased significantly during chilling in both WT and transgenic plants (Fig. 3D ). The magnitude of this chillmediated increase in Put and Spd contents was not greatly different between the WT and the transgenics. Spm contents were very low and remained essentially unchanged during chilling in both WT and transgenic plants. With respect to conjugated polyamines, the Put and Spd contents were already higher in the transgenics than in the WT before chilling. Under chilling conditions, the Put content decreased in both WT and transgenic plants. In contrast, the Spd content underwent a significant increase in both WT and transgenic plants, but the difference in Spd contents between the WT and the transgenics became enlarged as the chilling period was increased. The Spm content also increased during chilling, but the difference between the WT and the transgenics was small.
To assess freezing stress tolerance, 24-day-old soil-grown plants (WT and T 3 progenies of TSP-16) were pre-chilled at 0°C in the dark for 2 h and then freeze-stressed at -5°C in the dark for 40 h, after which they were returned to control conditions. All of the WT plants died within 5 d after rewarming. In contrast, 32-40% of the transgenic plants survived this level of freezing stress and continued to grow upon relief from the stress (Fig. 4) . To evaluate drought stress tolerance, 3-week-old soil-grown plants (WT and T 3 progenies of TSP-15 and TSP-16) were water-stressed by withholding watering for 15 d. The WT plants showed severe wilting symptoms after 12-13 d of drought stress, whereas both lines of transgenic plants remained turgid throughout this dehydration period (Fig. 5) .
Tolerance to salinity and hyperosmotic stresses was compared between the WT and T 2 transgenic plants (TSP-16). To impose salinity stress on plants, seeds were sown on solid MS media either supplemented or not with 75 mM NaCl and the seedlings were allowed to grow under control aerial environments. The seed germination rate in the NaCl-containing medium did not differ greatly between the WT and the transgenics (96% vs. 89%). However, almost all of the WT plants died within 35 d of salinity stress, whereas the transgenic plants survived this level of stress although growth was poor compared to unstressed plants (Fig. 6) . Results from water culture experiments showed that the transgenic plants were intolerant to 150 mM NaCl in the nutrient solution (data not shown). Hyperosmotic stress was imposed on plants by sowing the seeds on solid MS media supplemented or not with 200 mM D-sorbitol and the seedlings were allowed to grow under control aerial conditions. This hyperosmotic treatment caused a delay in seed germination, but the final germination rate of about 90% was obtained within 18 d in both WT and transgenic plants. Plant growth was also inhibited; flower stalks were not visible even after 70 d. At 70 d, the transgenics had about 3-fold larger shoot fresh mass than did the WT (Fig. 7) . Interestingly, as compared with the WT, the transgenics showed remarkable stimulation of root growth under hyperosmotic root-zone conditions.
Tolerance to paraquat toxicity
Tolerance to paraquat, a well-known oxidative stress inducer (Calderbank 1968) , was assessed in terms of the capacity of leaves to withstand oxidative stress-induced chlorophyll degradation and the seed germination on the paraquat-containing medium. Leaf discs (8 mm in diam.) prepared from 43-day-old soil-grown plants (WT and T 3 progenies of TSP-16) were floated on 0.01% (v/v) Tween 20 solution containing paraquat at different concentrations and incubated for 14 h at 22°C in the light of 240 µmol m -2 s -1 PPFD. Five leaf discs were placed in a 9-cm dish with three replications per treatment. The results showed that the chlorophyll content of leaf discs was decreased as the paraquat concentration was increased (Fig. 8) . The transgenic plants were affected less markedly than the WT at any paraquat concentrations tested, indicating the induction of oxidative stress tolerance in the transgenics. The transgenic plants also showed higher seed germination rates in the paraquat-containing medium than did the WT. Specifically, the seed germination rate on a 1 µM paraquat-containing agar medium was only 10% in the WT, while it was 55-90% in the transgenics depending on the lines.
Gene expression in leaves under chilling conditions
Forty-eight-day-old soil-grown plants (WT and T 3 progenies of TSP-16) were exposed to 5/5°C (day/night) in the light of 240 µmol m -2 s -1 PPFD under a 12-h photoperiod. Following this chilling treatment for 2 d, mRNA transcription levels in chilled leaves were compared between the WT and transgenics by means of cDNA microarray analysis as described in Materials and Methods.
The results showed that, of the total 13,704 genes analyzed, 33 genes (0.24% of total) were up-regulated with 11 genes down-regulated (0.08% of total) in the transgenics compared to the WT (Table 1) . Interestingly, genes encoding transcription factors such as WRKY, B-box zinc finger proteins, NAM proteins, DREB2B, MYB, and NAC domain proteins were up-regulated in the transgenics. Genes for protein kinases, calmodulin-related proteins, cytochrome P450, and peroxidases were also up-regulated in the transgenics. DREB2B is a The wild type and T 3 transgenic (TSP-16) plants were grown at 5/5°C (day/night) for 2 d, after which total RNAs were extracted from rosette leaves to compare the gene expression levels by microarray analysis. Genes with the expression levels above 500 in the wild type and their expression ratios (T/W) above 2 are listed in the (Shinozaki and Yamaguchi-Shinozaki 2000) . Other DREB genes, DREB1A and DREB1B, were also up-regulated in the transgenics (signal intensity ratios of 2.74 and 3.48, respectively). However, the expression levels of these two genes were below 500 (194 and 136 in the transgenics, respectively), and therefore, these genes were not included in Table 1 . It is remarkable that the expression of low-temperatureinduced protein 78 (LTI78) gene was increased 2.3-fold in the transgenics over the WT. This gene encodes LTI78 or rd29A (another name of LTI78) and is responsive to DREB transcription factors (Shinozaki and Yamaguchi-Shinozaki 2000) . On the other hand, most of the down-regulated genes appeared to be irrelevant to stress tolerance in plants (data not shown). Similar analyses were performed using a different microarray chip (a gift from Prof. T. Kohchi, Nara Institute of Science and Technology, Nara, Japan) with fairly comparable results, confirming the reproducibility of the above results.
Discussion
Environmental stress tolerance of the FSPD1 transgenic Arabidopsis
The results presented in Fig. 2 showed stable integration and active transcription of FSPD1 transgenes in the transgenic Arabidopsis and a significant increase in SPDS activity and free polyamine contents in the T 2 progenies. We did not measure the ADC and SAMDC activities in the T 2 transgenic plants. However, these enzyme activities in the unchilled T 3 transgenic plants were not largely different from those in the WT (Fig. 3C) . Thus, the increase in Spd contents in the T 2 lines over those in the WT may be attributable to the increased activity of SPDS in the transgenics. The higher content of Spm in the T 2 lines than in the WT may be attributable to elevated concentrations of its precursor Spd. The increased Put content in some T 2 lines over that in the WT could be due to enhanced interconversion of Spd into Put through the acetylation mechanism probably as a result of the increase in endogenous Spd contents (De Agazio et al. 1995) . Thus, the present results indicate that SPDS plays an important role in regulating the cellular levels of polyamines. Kumar et al. (1997) showed that a constitutive overexpression of SAMDC genes in potato plants was lethal. Similarly, Masgrau et al. (1997) observed abnormal phenotypes such as chlorosis and necrotic lesions in tobacco plants overexpressing ADC transgenes. These results indicate that the excess accumulation of polyamines is toxic to plant cells (Bouchereau et al. 1999 ). However, our transgenic Arabidopsis did not exhibit any morphological aberrations under both normal and stressful conditions. This indicates that the high SPDS activity may not immediately result in excess production of Spd because the synthesis of Spd requires SAMDC in addition to SPDS; the SAMDC activity did not increase appreciably in the transgenics over the WT. Thus, it seems that SPDS is a reliable target for genetic manipulation of polyamine biosynthesis in plants.
The transgenic Arabidopsis showed enhanced tolerance to various types of stresses over the WT counterpart (Fig. 3-8) . The involvement of polyamines in freezing tolerance of plants was first evidenced by this study. Thus, the present results support the general conclusion from physiological studies that polyamines play important roles in plant defense to a wide array of environmental stresses. Two T 3 plants from independently derived transgenic lines showed similar levels of stress tolerance. Therefore, we conclude that overexpression of a single transgene encoding SPDS enhances tolerance to multiple environmental stresses in plants.
The WT plants of Arabidopsis exhibited a substantial increase in ADC, SAMDC and SPDS activities together with Put and Spd contents in leaves during chilling (Fig. 3C, D) , indicating the cold responsive nature of polyamine biosynthetic enzymes in Arabidopsis. Interestingly, the chill-induced increase of ADC activity in the transgenics was much greater than that in the WT. This rise of ADC activity in concert with the increased activity of SPDS may have contributed to the significant increase in free and conjugated Spd contents in the transgenics under chilling conditions. However, the cause of this remarkable elevation of ADC activity in the transgenics is inexplicable. On the other hand, the chill-induced increase of SPDS activity in the transgenics may be largely ascribable to the cold responsiveness of SPDS native to Arabidopsis because the FSPD1 expression in the transgenics was under the control of the constitutive promoter. However, this does not explain the greater chill-induction of SPDS activity in the transgenics than in the WT. Recently, it was found that methyl jasmonate enhances the expression of genes for polyamine biosynthetic enzymes and causes over-production of conjugated and bound polyamines in plants (Mader 1997 , Biondi et al. 2003 . Methyl jasmonate is regarded as a signaling molecule in stress responses of plants (Berger 2002 ) and its biosynthesis is promoted by cytochrome P450 (Bundock et al. 2003 ). Here, it should be noted that under chilling conditions, our transgenic plants exhibited about a 2-fold increase in the expression of genes encoding cytochrome P450 over the WT (Table 1) . Thus, a possibility that cytochrome P450 and methyl jasmonate are involved in the greater increase of ADC and SPDS activities in the transgenics than in the WT under chilling stress may deserve further investigation.
Which of the three major polyamines plays central roles in stress responses of plants may depend on the plant species and the types of stress. In many but not all cases, however, Spd is more closely associated with stress tolerance of plants than are Put and Spm (Bouchereau et al. 1999 , Shen et al. 2000 , Li and Chen 2000 , He et al. 2002 , Martínez-Téllez et al. 2002 . In this study, the T 3 transgenic plants showed increased contents of not only free and conjugated Spd but also free Put over the WT under both normal and chilling conditions (Fig. 3D, E) . Among them, the conjugated Spd content was most greatly different between the WT and the transgenics particularly under chilling conditions. Although the precise function of conjugated polyamines is presently unknown, their important roles in stressrelated phenomena in plants have been suggested (Langebartels et al. 1991 , Bouchereau et al. 1999 , Martin-Tanguy 2001 . In addition, it was recently reported that transgenic rice overexpressing a human SAMDC gene showed enhanced salinity tolerance and a significant increase in conjugated polyamine contents, while free polyamine contents were not greatly different between the transgenics and the WT (Waie and Rajam 2003) . Therefore, it seems that the increased content of conjugated Spd may have played an important part in the enhanced stress tolerance of the transgenic Arabidopsis.
Mode of polyamine functions in enhancing multiple environmental stress tolerance
Despite a lot of evidence demonstrating the important roles of polyamines in plant defense to environmental stress, the mode of their functions still remains a matter of speculation. In view of the present results, it can be presumed that Spd interacts with stress protection mechanisms functioning in common against different types of stress. Excess generation of reactive oxygen species (ROS) with a resultant oxidative damage to cellular components has been considered a common mechanism of injury in plants exposed to different environmental stresses (Allen 1995) . It is also known that a variety of environmental stresses impair cellular membranes through their physical effects on membrane structure or as a result of ROSmediated peroxidation of membrane lipids (Malan et al. 1990 , Murata et al. 1992 ). On the other hand, polyamines have ROSscavenging and membrane-protecting properties (Roberts et al. 1986 , Løvaas 1991 , Groppa et al. 2001 . Reduced susceptibility to paraquat toxicity (Fig. 8 ) may prove the increased ability of our transgenic plants to scavenge ROS efficiently (Kurepa et al. 1998) . Thus, it is conceivable that the ROS-scavenging and membrane-protecting properties of Spd accounts, at least partially, for the enhanced tolerance to various environmental stresses in our transgenic Arabidopsis.
Apart from such direct stress protective roles, Spd may also play a role as a signaling molecule in plant responses to tress. The results from microarray analysis revealed the upregulation of several stress-related genes in the transgenic Arabidopsis over the WT (Table 1) . These results support the view that polyamines, Spd and Spm in particular, promote gene expression and increase the DNA-binding activity of transcription factors (Panagiotidis et al. 1995 , Gupta et al. 1998 , Sudha and Ravishankar 2002 , Childs et al. 2003 . One of the most remarkable features in gene expression in our transgenic Arabidopsis was the up-regulation of genes encoding DREB transcription factors, DREB1A, DREB1B, and DREB2B. These DREB transcription factors regulate the expression of several stress-responsive genes by binding to the cis-acting DRE motif in the promoter region of the target genes Yamaguchi-Shinozaki 2000, Thomashow et al. 2001) . Overexpression of DREB genes resulted in plants with improved tolerance to a variety of environmental stresses (Jaglo-Ottosen et al. 1998 , Kasuga et al. 1999 . One of the target genes of DREB transcription factors is LTI78 or rd29A. Recently, Kreps et al. (2002) observed in microarray analysis a remarkable increase in the expression of rd29A in both roots and leaves of the WT plants of Arabidopsis in response to environmental stresses such as cold, hyperosmosis, and salinity. The very high expression level of rd29A compared to other genes in chilled WT plants of Arabidopsis (Table 1) may have reflected this lowtemperature responsiveness of rd29A genes. Interestingly, the transgenic plants showed a further 2.3-fold increase in rd29A expression over the WT. The expression level of COR15a, another DREB-responsive stress-related gene (Thomashow et al. 2001) , was also 1.3-fold higher in the transgenics than in the WT (data not shown). These results may prove the actual increase of DREB transcription factor proteins in chilled leaves of the transgenic Arabidopsis. The rd29A protein has been considered to play major roles in drought and salinity tolerance of plants (Yamaguchi-Shinozaki and Shinozaki 1994) . However, most environmental stresses excepting flooding stress may induce water stress in the cell (Holmberg and Bülow 1998) . Thus, the increased rd29A expression could be an important factor responsible for the enhanced tolerance to multiple environmental stresses in our transgenic plants. WRKY transcription factors (Rizhsky et al. 2002 , Kalde et al. 2003 ) and protein kinases (Saijo et al. 2000 , Yoshida et al. 2002 have also been implicated in plant defense to environmental stresses. Possible contribution of up-regulation of genes encoding these proteins to the enhanced stress tolerance in our transgenic Arabidopsis requires further investigation.
In summary, the results presented herein strongly suggest that high cellular levels of Spd facilitate the expression of stress-related genes in response to stress, thereby leading to build-up of stress protection mechanisms in plants. Thus, we propose that Spd may play dual functions in stress tolerance phenomena in plants, one as a direct stress-protecting compound and the other as a stress-signaling regulator. Further study is in progress to corroborate this hypothesis.
Materials and Methods
Construction of transformation vectors
The SPDS cDNA was isolated from the root of C. ficifolia Bouché (designated as FSPD1) and digested with XhoI and KpnI to contain the open reading frame thereof. The XbaI-KpnI fragment was cloned between the XbaI and XpnI sites of a binary vector pBI101-Hm2, which contained the CaMV 35S promoter. The binary vector is a derivative of pBI121 (Clontech, U.S.A.) and contains two antibiotic resistance genes, i.e., neomycin phosphotransferase II genes and hygromycin phosphotransferase genes.
Transformation of Arabidopsis thaliana
The vector containing the sense 35S:FSPD1 construct was transferred from Escherichia coli JM109 into Agrobacterium tumefaciens via tri-parental mating with an E. coli strain containing a mobilization plasmid, pRK2013. The pBI101-Hm2 vector containing the sense 35S: FSPD1 construct was transferred into Agrobacterium C58 strain and fused to A. thaliana (L.) Heynth. (Columbia ecotype) by the vacuum infiltration method (Ye et al. 1999) . Transgened seedlings were selected in terms of resistance to both kanamycin and hygromycin in a selection medium. The medium consisted of a full-strength MS medium (Murashige and Skoog 1962) After adjusting the pH to 5.7 with KOH, the medium was solidified with 0.5% (w/v) Gelan gum (Sigma). The transgenic lines were selected on the basis of resistance to both kanamycin and hygromycin and T 2 and T 3 plants from independently derived transgenic lines were used in this study.
RNA gel blot analysis
Total RNA was extracted from leaves with TRIZOL reagent (Life Technologies, U.S.A.) according to the manufacturer's instructions. Ten µg aliquots of total RNA extracts were subjected to electrophoresis on 1.25% formaldehyde agarose gels, and blotted onto a Hybond-N nylon membrane (Amersham). The membrane was hybridized with 32 P-labeled SPDS cDNA probe in hybridization buffer at 42°C for 18 h. The SPDS cDNA probe was prepared with a random labeling kit (Amersham). The membrane was washed twice with 0.1× SSC and 0.1% SDS each at 60°C for 30 min and subjected to autoradiography.
Immunoblot analysis
Rosette leaves (about 0.2 g FW) were homogenized with a Polytron in 1 ml of ice-chilled buffer containing 10 mM Tris-HCl (pH 8.0), 2 mM DTT and 0.2 mM p-mercuribenzoate. The homogenate was centrifuged at 27,000×g for 20 min at 4°C. Proteins in the supernatant were quantified as described by Bradford (1976) with bovine serum albumin as the standard. Proteins were separated by SDSpolyacrylamide gel electrophoresis using a Ready gel J gel (Bio-Rad) by the method described by Laemmli (1970) , and electroblotted onto polyvinylidene difluoride membranes (Sequi-blot PVDF membrane, Bio-Rad). Membranes were incubated with a FSPD1 antibody raised in rabbit against a peptide corresponding to the 14 amino acids (LCSTEGPPLDFKHP) of the FSPD1 C terminus. Immunoreactive proteins were detected with a second antibody, goat anti-rabbit IgG (H+L) (Human IgG Adsorbed) horseradish peroxidase (Bio-Rad).
Assay of polyamine biosynthetic enzyme activity
Enzymes were extracted in 100 mM phosphate buffer (pH 8.0) containing 20 mM sodium ascorbate, 1 mM pyridoxal-5′-phosphate, 10 mM DTT, 0.1 mM EDTA and 0.1 mM PMSF. After centrifugation, ADC and SAMDC activities in the supernatant were assayed as described by Song et al. (2002) 
C]methionine as the substrate, respectively. SPDS activity was assayed by incubating an aliquot of the supernatant at 37°C for 30 min in a reaction mixture consisting of 0.1 M Tris-HCl (pH 8.0), 30 µM putrescine, 25 µM decarboxylated S-adenosylmethionine, and 20 µM adenine (Yoon et al. 2000) . The reaction product (5′-deoxy-5′-methylthioadenosyne) was quantified via HPLC (LC-10ATVP, Shimadzu, Japan) equipped with a fluorescence detector (RF-10AXL, Shimadzu, Japan) and a reverse phase column (µBondapak C18, Waters, U.S.A.). 1,7-Heptanediamine was used as the internal standard. Proteins in the extract were quantified as described by Bradford (1976) .
Chemical analysis
Acid-soluble polyamines were extracted in 0.5 M perchloric acid and the extract was centrifuged at 30,000×g for 10 min. An aliquot of the supernatant was subjected to hydrolysis with 6 M HCl at 110°C for 18 h to liberate polyamines from acid-soluble polyamine conjugates. After drying in a centrifugal evaporator, the hydrolyzate was dissolved in 0.5 M perchloric acid. Polyamines in the supernatant and hydrolyzate were dansylated with dansyl chloride (10 mg ml -1 acetone), and dansyl polyamines were quantified via HPLC as described by Song et al. (2002) . 1,6-Hexanediamine was used as the internal standard. Acidsoluble conjugated polyamine contents were calculated by subtracting free polyamine contents in the supernatant from total polyamine contents in the hydrolyzate. H 2 O 2 in leaves was extracted in 100 mM sodium phosphate (pH 6.8) and quantified spectrophotometrically as described by He et al. (2002) . Chlorophylls were extracted in 80% (v/v) acetone and quantified spectrophotometrically by the method of Arnon (1949) .
cDNA microarray analysis
Total RNA was extracted from leaves as described above and purified by passing through a RNeasy column (Qiagen). After checking the RNA quality by gel electrophoresis (Agilent Bioanalyzer, Agilent Technol.), 40 µg of total RNA was reverse transcribed by using oligo dT12-18 primer and aminoallyl-dUTP. The synthesized cDNA was labeled by reaction with dye (NHS-ester Cy3 or Cy5; Amersham Biosci., U.S.A.) according to the method described by Hughes et al. (2001) . The labeled cDNA was applied to the DNA microarray (Arabidopsis microarray, Agilent Technol.) and hybridized at 60°C for 17 h. After washing, the microarray was scanned on a ScanArray 5000 (GSI Lumonics) and the image was analyzed by using QuantArray software (GSI Lumonics). The signal intensity of each spot was calibrated by subtraction of the intensity of the negative control. In analyzing the data, genes with expression levels higher than 500 were taken into account, and the genes with signal intensity ratios in the transgenics vs. the WT above 2.0 and below 0.5 were considered that the expression was up-and down-regulated, respectively, in the transgenics.
Evaluation of stress tolerance
Environmental stress tolerance was evaluated on the WT and T 2 and T 3 transgenic plants grown in either solid MS medium or soil depending on the kind of stresses examined. In principle, seeds were surface sterilized with 5% (w/v) sodium hypochlorite, and sown either in plastic plates filled with solid MS medium supplemented with 50 mg liter -1 kanamycin and 40 mg liter -1 hygromycin or in plastic pots containing commercial nursery soil (Metro-Mix 250, Hyponex, Japan). The seedlings were grown in a growth chamber controlled at 22/22°C (day/night), a 16-h photoperiod, 70-75% relative humidity, and a PPFD of 50 µmol m -2 s -1 (control conditions) until being used in experiments. Methods for imposing stresses on plants and evaluating their stress tolerance are described in Results.
